Chlamydomonas flagella exhibit a previously undescribed form of motility. This is the rapid, bidirectional, saltatory movement of marker particles occurring in association with the extracellular surface of the flagellum.
acetone, and embedded in Spurr's low viscosity embedding medium (33) . Silver sections were cut on a Sorvall MT-2 ultramicrotome (DuPont Instruments, Sorvail Operations, Newtown, Conn.), stained in uranyl acetate and lead citrate, and photographed in a Philips EM201 electron microscope.
RESULTS
When any of the marker objects listed in Table I was mixed with any of the Chlamydomonas strains listed in Table 1I in medium I of Sager and Granick (27) or in 10 mM Tris-HC1, pH 7.0, at 25~ the marker objects adhered to and were transported along the surface of the flagella (Figs. 1 and 2). The particle movements exhibited the following properties: (a) particles start and stop and remain at rest for varying periods of time; (b)
TAI3LE I Markers that Exhibit Motility in Association with the Chlamydomonas Flagellar Surface
Marker Diameter particles change direction (180 ~ abruptly; (c) particles accelerate and decelerate very rapidly and, for most of the time they are in motion, velocity is uniform; (d) motion occurs in straight lines, giving the appearance of operating on "tracks"; (e) the movement of one particle is not influenced by the movements of others (particles can pass one another while moving in the same or opposite directions); and (f) particles of very different sizes show similar characteristics of movement. All of these properties are characteristic of saltatory motion as described by Rebhun (24) for intracellular particles. FIGURES 4-7 Electron micrographs of 0.278-p.m polystyrene microspheres associated with the surface of flagella. The microspheres have been coated with bovine serum albumin so that they can be visualized in the electron microscope; this treatment does not alter their ability to be transported along the flagellum, x 64,000.
FXGUP.E 8 Electron micrograph illustrating the association of an outer doublet microtubule with the flageUar membrane. Material is present between the doublet microtubule and the flagellar membrane, and in certain places appears to form links between these two structures (arrowheads). A layer of fuzzy material coats the extracellular surface of the flagellar membrane, x 120,000. Flagellar surface motility is dependent upon the flagellum being attached to a living cell. If cells were fixed with 1% glutaraldehyde or 1% osmium tetroxide for 5 min or if flagella were removed from a cell by gentle pressure on the cover glass, particles still attached to the surface of the flagella but no movement was observed. Flagellar surface motility continued unabated during flagellar regeneration and resorption.
To determine whether the potential to move surface particles is confined to the flagellar membrane, observations were made utilizing the cell wall-less mutant, CW 15 (9) . Polystyrene microspheres attached to both the flagellar surface and the rest of the cell surface, but only those microspheres that were associated with the flagellar surface exhibited movement. Ultrastructural observations were made on CW 15 cells in connection with the present study, and no stainable material was observed to be associated with the external surface of the plasma membrane of the cell body. This is in agreement with the observations of Davies and Plaskitt (9) .
When an asymmetric clump of polystyrene microspheres was observed to move along the flagellum, the axis of asymmetry did not change relative to the long axis of the flagellum, indicating that the transported object did not "roll" along the flagellar surface.
No bias in the direction of the motility (proximal vs. distal) was detected. Using 0.357-p,m polystyrene microspheres, it was observed that 55% of the saltations were directed inward and that 45% were directed outward (n = 594). The average velocity of particle movement inward was 1.8 -+ 0.5 tzm/s (n = 8) and the average velocity outward was 1.7 ---0.2/zm/s (n = 8).
Figs. 4-7 are electron micrographs showing the appearance of polystyrene microspheres associated with the flagellar surface of Chlamydomonas reinhardii strain pf 18. These cells were fixed while flagellar surface motility was occurring and then washed to remove polystyrene microspheres not mechanically associated with the flagellum. The microspheres appear to interact with the thin layer of material (previously termed the "fuzzy coat" [8] or "flagellar sheath" [25] ) that coats the extracellular surface of the flagellar membrane. The close contact between the polystyrene microspheres and this material suggests that the mastigonemes, the other surface component present but poorly visualized by thin-section electron microscopy, have little importance in the association of the marker particles with the flagellar surface. Fig. 8 is a micrograph of a longitudinally oriented section through a flagellum showing one outer doublet microtubule, the flagellar membrane, and the surface coat. Some filamentous material is present in the space between the outer doublet and the flagellar membrane (arrowheads), suggesting that the outer doublets may be linked to the flagellar surface.
DISCUSSION
Although cilia and flagella have been the subject of intensive study for many years (31) , this is the first report of the existence of a rapid, bidirectional system of saltatory motility occurring in association with the flagellar surface. This motile phenomenon is independent of flagellar beating because strains of Chlamydomonas paralyzed with respect to the bending motility exhibit the flagellar surface motility. Although there have been a number of reports of movement of individual marker particles associated with the extracellular surfaces of cells (1-3, 11, 15, 16, 21) , these reports do not involve rapid, bidirectional movements having the characteristics defined for saltatory particle movements (24) . Surface motility very similar to that reported here for Chlamydomonas flagella has been reported by Troyer (35) for the axopodia of the Heliozoan, Heterophrys.
Bardele (6) suggests that both intracellular and extracellular particle movements occurring within the Heliozoan axopodium involve the lateral displacement of highly ordered membrane domains. He postulates that the motive force for these movements may result from the activity of contractile proteins attached to both the cytoskeletal array of microtubules within the axopodium and the ordered membrane domains.
The observation that whole Chlamydomonas move relative to immobilized polystyrene microspheres (Fig. 3) at speeds comparable to those of polystyrene microspheres moving along flagella suggests that a considerable level of force production (presumably through mechano-chemical transduction) is occurring continuously at the surface of the Chlamydomonas flagellum. It is reasonable to postulate the involvement of a system of contractile proteins, either forming an integral part of the flagellar membrane or localized within the flagellum and coupled in some manner to the flagellar surface.
Certain observations in the literature assume increased importance in light of this hypothesis. Morphological links have been observed between the outer doublets and the inner surface of the membrane of Chlamydomonas flagella (25 and Fig. 9 ), Tetrahymena cilia (5, 30) , and Colpoda cilia (19) . Cytochemical localization procedures for ATPase activity have revealed reaction product between outer doublets and the membrane in rotifer cilia (18) and Tetrahymena cilia (10) . Magnesium-stimulated ATPase activity has been observed in purified membranes from Tetrahymena cilia (13) and Chlamydomonas flagella (36) . (30), and mollusk gill cilia (14) . Actin has been searched for within Tetrahymena cilia by SDS-polyacrylamide gel electrophoresis but has not been detected (26) .
The Chlamydomonas flagellar surface consists of three principal components: a single unit membrane covered by a continuous extracellular fuzzy coat and by 0.9 t~m long mastigonemes. Ultrastructural observations suggested that the polystyrene particles used in the present study were interacting with the fuzzy surface coat (Figs. 4-7) . Little information is available concerning the lateral mobility of these flagellar surface components. Chlamydomonas flagellar membranes and mastigonemes have been isolated, purified, and characterized by SDS-polyacrylamide gel electrophoresis and electron microscopy (8, 32, 41 ). An understanding of the mechanism of the Chlamydomonas flagellar surface motility will require considerable additional information concerning the structure of the flagellar membrane, the nature of the various components associated with the inner and outer surfaces of the flagellar membrane, and the localization and function of the nondynein ATPases within the flagellum.
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